Aside from the well-known double helix, DNA can also adopt an alternative four-stranded structure known as G-quadruplex. Implications of such a structure in cellular processes, as well as its therapeutic and diagnostic applications, have been reported. The G-quadruplex structure is highly polymorphic, but so far only righthanded helical forms have been observed. Here we present the first NMR and X-ray structures of a left-handed DNA G-quadruplex. The structure displays unprecedented features that can be exploited as unique recognition elements.
INTRODUCTION
DNA can adopt diverse structural conformations (1-9), ranging from double helical A-, B-and Z-forms, to triplexes, quadruplexes, and branched architectures. Different DNA conformations have been associated with different biological functions (1, 2, 6, 7, 9) . While the canonical double helix (1) (B-DNA) and most other structural forms follow a right-handed helical twist, Z-DNA is the only left-handed form of DNA (2) known to date.
Recent mounting biological interest have driven attention to G-quadruplex (G4) (10-16), a four-stranded structure consisting of a stack of G-tetrad layers, each comprising four guanines Hoogsteen hydrogen-bonded in a coplanar arrangement (17) . This helical structure with different possible orientations between the four strands is highly polymorphic (6, 7, 16, 18, 19) , but so far only right-handed forms have been observed. G4-forming sequences are found in numerous regions of the human genome (16) . Recent studies demonstrated their existence in human cells (15) and their involvement in cellular regulation including recombination (12) , replication (13, 14) , transcription (10) and translation (11) . On the other hand, synthetic G4s have been introduced as unique structural elements in nanotechnology (20) as well as aptamers for therapeutic and diagnostic purposes (21) . For instance, the G-rich oligonucleotide AGRO100 (SI Appendix, Table S1 ) has been shown to exhibit potent anti-proliferative activity against a range of cancer cells (21) and was later found to adopt multiple G4 conformations (22) .
Herein we present NMR and X-ray structures of a G4 derived from AGRO100, adopted by the sequence d[T(GGT) 4 TG(TGG) 3 TGTT] (henceforth denoted as Z-G4), which exhibits distinct circular dichroism (CD) profile with a negative peak at ∼275 nm and a positive peak at ∼250 nm (Figure 1b) , nearly inverted from that of the right-handed G4 topologies reported to date (23) . The unprecedented left-handed helical twist of Z-G4, as presented below, explains its atypical CD signals.
RESULTS AND DISCUSSION
Imino proton NMR spectrum of Z-G4 in solution containing ∼100 mM K + showed sixteen major sharp peaks between 10.6-11.8 ppm (Figure 1a) , indicative of the formation of a fourlayered G4. The NMR solution structure of Z-G4 was elucidated (Table 1 and Figure 2a ) based on rigorous assignment approaches using site-specific isotopic labels and through-bond correlation experiments (SI Appendix, Table S2 and Figs S1 and S2), largely following protocols described previously (18) . The structure involves two continuous stacked G4 blocks (Figure 2c ), each comprising two G-tetrad layers arranged in the same hydrogen-bond directionalities (G2•G5•G8•G11 and G3•G6•G9•G12 for the top  G4 block, G15•G18•G21•G24 and G17•G20•G23•G26 for the bottom G4 block) (SI Appendix, Fig. S3 ), connected through a central linker (T13-T14). All guanine residues adopt the anti glycosidic conformation with the exception of G2, which is in the syn conformation.
Z-G4 was successfully crystallized in the presence of potassium ions, using methylpentanediol (MPD) as precipitating agent. Crystals belonged to the P3 2 21 group and diffracted to 1.5 Å resolution. The structure was solved by molecular replacement, using the NMR solution structure as a starting model, and refined to 1.5 Å resolution (R-factor=14.1%; R free =18%; Table 2 and Figure 2b ). Head-to-head and tail-to-tail crystal packing was observed, facilitated by thymine residues from the loops as well as by a potassium ion. Because of the head-to-head arrangement, two symmetry-related potassium ions are actually sandwiched between the two DNA molecules (SI Appendix, Fig. S4a) . A hexacoordinated Mg 2+ ion is also involved in crystal packing (SI Appendix, Fig. S4b ). Similar to typical right-handed G4s, three potassium ions are visible in the core, sandwiched between the G-tetrads. Finally, 94 ordered water molecules are located mainly within the grooves and along the phosphate backbone of Z-G4. Electron densities, attributed to water molecules, were observed at the 5'-and 3'-ends of the G-tetrad core (Figure 2b) . However, the possibility of ions with low occupancy could not be excluded. Comparison between the NMR solution and X-ray crystal structures of Z-G4 showed a high degree of concordance (pairwise r.m.s.d. of (1.63 ± 0.34) Å, excluding the last two residues) (SI Appendix, Fig. S5 ).
The strand arrangement of Z-G4 conforms to that of a regular parallel-stranded G-tetrad core (Figure 2c) , with stacking distance between successive G-tetrads having an average helical rise
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METHODS
Sample preparation. The unlabeled and site-specific labeled DNA oligonucleotides were chemically synthesized on an ABI 394 DNA/RNA synthesizer. DNA sample concentrations were determined by measuring the UV absorbance at 260 nm. Circular dichroism. Circular dichroism (CD) spectra were recorded at 25°C using a JASCO-815 spectropolarimeter with a 1-cm path length quartz cuvette containing a solution volume of 500 μL. Spectra (220 to 320 nm) were taken with a scan speed of 200 nm/min. DNA (∼5 μM) was dissolved in a buffer containing 70 mM KCl and 20 mM potassium phosphate, pH 7.0. For each measurement, an average of three scans was taken and the spectral contribution of the buffer was subtracted.
NMR spectroscopy. Unless otherwise stated, all NMR experiments were performed on 600 and 700 MHz Bruker spectrometers at 25°C
. The concentration of DNA samples was typically 0.1-2 mM. Solution contained 70 mM KCl, 20 mM potassium phosphate (pH 7.0) and 10% D 2 O. Spectral analyses were performed using SpinWorks software (http://home.cc.umanitoba.ca/∼wolowiec/spinworks/), FELIX (Felix NMR, Inc.) and SPARKY (33) programs.
NMR-restrained structure calculation. Interproton distances for Z-G4 were classified based on NOESY experiments performed in D 2 O (mixing times, 100 and 300 ms) and H 2 O (mixing time, 200 ms). The structure of Z-G4 was calculated using XPLOR-NIH (34), AMBER 9.0 and 10.0 programs. Detailed procedures are described in the SI Appendix. Structures were displayed using PyMOL (35) .
Crystallization and X-ray crystallography. Crystallization assays were performed by the sitting-drop methods, using a solution of Z-G4 (2 mM) in 10 mM potassium cacodylate buffer (pH 6.5) and 100 mM potassium chloride. Initial screening was done with the Natrix commercial screens (Hampton Research). Hexagonal crystals (spacegroup P3 2 21) were obtained using 35% methylpentanediol as precipitating agent, in the presence of 40 mM sodium cacodylate (pH 7.0), 20 mM magnesium chloride, 12 mM potassium chloride and 80 mM sodium chloride. For data collection, crystals were directly flash frozen in liquid nitrogen. Data were collected from a single crystal at the SOLEIL Proxima 1 beamline (λ = 0.979 Å; Saint-Aubin, France) equipped with a Pilatus detector, and processed using XDS (36) . Data collection statistics are summarized in Table 2 . The structure was solved by molecular replacement, using PHASER (37) and data to 2.5 Å resolution. The coordinates of the G residues from the NMR structure were used as a search model. The model was then refined and completed with the T residues as well as ions and water molecules, by several cycles of manual building using Coot (38) and energy minimization using phenix.refine (39) . In the last steps of refinement, anisotropic B factors were used. The final model contains all 28 residues of DNA, 4 potassium ions, 1 magnesium ion, and 94 water molecules, and has very good geometry (Table 2) . A representative portion of the final electron density is illustrated in SI Appendix, Fig. S15 .
Structural analysis.
Structures were analyzed using an in-house script and Curves+ (40) . The twist angle between two successive guanines was calculated as the angle between the vectors formed by the C8 atom coordinate and the middle point of the N1, C2 atom coordinates. The rise between two successive guanines was calculated as the distance between two averaged planes formed by the aromatics rings of guanine residues. Backbone dihedral angles were calculated using Curves+.
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